Abstract-Pavement crack detection plays an important role in pavement maintaining and management, nowadays, which could be performed through remote image analysis. Thus, edges of pavement crack should be extracted in advance; in general, traditional edge detection methods don't consider phase information and the spatial relationship between the adjacent image areas to extract the edges. To overcome the deficiency of the traditional approaches, this paper proposes a pavement crack detection algorithm based on spectral clustering method. Firstly, a measure of similarity between pairs of pixels is taken into account through orientation energy. Then, spatial relationship is needed to find regions where similarity between pixels in a given region is high and similarity between pixels in different regions is low. After that, crack edge detection is completed with spectral clustering method. The presented method has been run on some real life images of pavement crack, experimental results display that the crack detection method of this paper could obtain ideal result.
I. INTRODUCTION
The crack is one of the commonest diseases of pavement, which not only damages the pavement appearance and driving comfort, but will also easily develop to structural damage and shorten the lifespan of the pavement unless timely detected and repaired. Traditional manual methods are getting inapplicable due to many limitations such as intensive workload and insecurity, the image-based crack recognition method. Nowadays, along with the progress of high-speed cameras and computer technology digital image analysis gradually becomes the common way for pavement crack detection. Though a variety of crack recognition approaches have been proposed in the last two decades, most of them cannot be applied in practice owing to the fact that they do not meet the requirements of the commercial image-based software. Therefore, the exploration of a robust and reliable detection approach for pavement crack is of great significance [1] .
Since the 21st century, the pavement crack detection research based on 2D image analysis has attracted more and more attention; at the same time several detection algorithms were put forward [2] [3] [4] . Most of the existing pavement crack detection algorithms based on gray gradient information have been widely researched. One typical example among those experiences is the one in which Ayenu-Prah and Atto-Okine denoised the pavement image and then used Sobel operator to extract crack edge [5] . Yan et al. took advantage of the median filtering method to enhance the image, and then used the gray morphological edge detection operator to obtain crack [6] . Zhou and Subirats transformed the pavement image to different direction sub-bands by wavelet transform, and then detected crack edge in different directions [7, 8] . However, the above edge detection methods are just crack detection methods based on local features, which only involve the step edge. Since the pavement images are often affected by several factors, such as the macro texture, speckle noise and illumination conditions, the crack has a weak signal. The gray features of real cracks are usually represented by certain combination of the step change, roof and line profile. In addition, there is no comprehensive processing method for crack feature description, analysis and processing.
Taking advantage of gray feature and the global characteristic of the crack image, this paper models the gray feature of the crack image and proposes a global description method for crack detection. Many foreign and domestic researches have shown that oriented energy model is regarded as invariant measure of image features based on phase congruency. Because the phase information has the importance and stability of phase information in edge detection, oriented energy method can reliably detect the step change, roof and linear features in gray image [9] . By using oriented energy method, this paper models the crack gray feature by phase congruency. Spectral clustering of graph theory can directly use the similarity of pixels as basis for clustering analysis, and converge to the global optimal solution. These characteristic can conduce analysis and operation for crack detection. Spectral clustering generally transforms clustering into an optimal partition in graph, and it is a kind of clustering methods of pairwise pixels. As spectral clustering adjusts similarity of pairwise pixels through adjacent relationship between the image areas, it is able to detect crack edge more accurately. At present, the spectral clustering for image edge detection is still in primary stage. There are few researches on using spatial relationship between adjacent areas to detect edge. make use of phase information and the spatial relationship of the region, which leads to unsatisfied results. This paper proposes a new pavement crack detection algorithm based on spectral clustering method. Firstly, our method represents the phase information by oriented energy methods and models the gray feature of crack image. Then, it calculates oriented energy of image to measure similarity between pairwise pixels and introduces the spatial relationship to adjust similarity. Finally, the crack clustering is executed by the spectral method in order to detect the crack edge. The rest of the paper is structured as below. Section Ⅱ presents the oriented energy model . How to adjust the similarity using spatial relationship is described in Section Ⅲ . After that, crack detection using spectral clustering method is discussed in section Ⅳ , then experiment and analysis are made in section V, in final the conclusion is drawn in the last section.
II. ORIENTED ENERGY MODEL
Based on the image characteristics of pavement crack, crack geometry model is presented by means of inversion pulse, roof, ladder structure and their combination. Therefore, the crack gray feature is usually composed of the features of step changes, roof and line profiles. Using single operator is unable to detect the crack edge and will lead to crack missing. Morrone demonstrated that the edge features of step changes, roof and line profiles emerge exactly at points of strong phase congruency by a series of psychophysical experiments [10] . Therefore, the crack edge information of image can be analyzed and processed by detecting points of phase congruency. Since it is difficult to compute phase congruency of the image, the value is normally calculated by using the local energy function of the image and approximation approach Fourier phase information in the frequency domain is constant, and simultaneous phase congruency has nothing to do with the overall size of signal. It ensures the invariance of the pixels brightness and contrast, and is also able to accurately detect edge features in different scale spaces.
Crack edge features are generally described by important factors of the edge direction, strength and continuity. Edge direction has a very important role in reliable extraction edge features of adjacent and crossed block cracks. Ignoring edge direction in the crack edge detection often results to continuous edges in the image and failing to effectively extracting the complex crack. In this paper, direction of edges is introduced to the local energy model in order to constrain the edge detection, which makes cracks in the same direction maintain continuity and extends or close the edges as much as possible.
Gaussian function has been widely used in signal processing and analysis. Fourier transform of the Gaussian window is proved to be the only satisfied lower limit of time-frequency uncertainty principle. This paper uses Gaussian filter in image field to describe the pavement crack's local edge features. 
In (1),  is the neighborhood radius of the circle around the pixel (x, y), and  is the angle of the oriented energy   ,
OE
. As the amplitude of the complex exponential filter response,
is the oriented energy of scale  and angle  . Due to its maximum value corresponding to the crack edge point,
represents the composite edge contrast, thus reliably detects the combination features of roof, step changes and linear profiles in gray scale image of the pavement.
could be calculated in multiple directions and scales by means of adjusting  and  in pavement image, which can ensure the obtaining of continuous and closed edge.
III. ADJUSTMENT OF THE SIMILARITY USING SPATIAL

RELATIONSHIP
From the crack edge feature described with oriented energy model,
OE is the feature value of each edge pixel. Considering the introduction of the spatial relationship, a measure of similarity between pairwise pixels can be applied to determine the class of the pixel. Because spectral clustering has converted the problem of clustering to optimal partition of the graph, it is a clustering algorithm about pairwise points. Thus, it is used to improve the crack edge detection by judging the adjacency between regions to adjust the similarity between the pixel pairs. Intuitively, two pixels belong to two different groups if there is a contour which could separate them. The dissimilarity is stronger if the contour which could separate them is extended [13] .
Spatial relationship between regions is shown in Fig.1 . It is the original image in Fig.1 There is an extended contour separating 2 p from 1 p and 3 p , Pixels 1 p , 2 p and 3 p all have similar intensity values. Based purely on intensity, all three locations will have strong similarities and may mistakenly be divided into a group. Thus, we expect 1 p to be much more strongly related to 3 p than 2 p . This intuition carries over in our definition of dissimilarity between two pixels: If the orientation energy along the line between two pixels is strong, the dissimilarity between these pixels should be high. Formally, we define the dissimilarity ) , ( )) , ( exp(
Usually the similarity between the i-pixel and the jpixel can be computed in the neighborhood of radius r (r=5). ij W indicates no similarity which orientation is the direction of the maximum gradient along a straight line connecting the two pixel.
IV. CRACK DETECTION USING SPECTRAL CLUSTERING
METHOD
Spectral clustering is not used under the premise of the characteristics of the probability density distribution assumption, which is suitable for clustering in the sample space of arbitrary shape and converges to the global optimal solution [14] [15] [16] . Spectral clustering based on the graph theory provides a global optimal theory and method, which is used to describe, analyze and process the relationship among objects.
This method directly applies the similarity of objects as the basis for clustering analysis. For image segmentation, the pixel classification is changed into an optimal partition problem in graph. In the process of clustering, the similarity with pairwise points can be adjusted by spatial relations between the different regions of the crack side. The edge detection is considered as the different region segmentation, and the crack edge is the boundary of the above regions.
As the crack edge point can be described by phase information in image and the similarity between pairwise pixels can be measured by the spatial relationship, this paper proposes the crack edge detection algorithm based on spectral clustering. The whole flowchart of the proposed crack detection method is shown in the following The crack edge detection algorithm is mainly divided into the following four steps.
Step 1 compute oriented energy. Oriented energy of all image pixels is calculated according to (1) . Among it,  represents the radian of specific direction,
, m represents some specific slide and n represents the number equally divided  . In this paper, the direction number is 8 (n=8), ]
, and scale factor of Gaussian function  is 2.
Step 2 the similarity between pairwise pixels is revised by adjacent relationship between the regions on both sides of the crack and similarity matrix ij W is computed with (4).
Step 3 compute eigenvectors. Analysis and calculation of spectral clustering method is based on the similarity between pairwise pixels. In the cluster analysis process, spectral clustering algorithm uses the similarity between objects to transform clustering problem into the optimal partition of the graph.
The image segmentation is accomplished by the sum of edge weights maximum in sub-graph and minimum between graphs in Laplacian matrix of the image.
Ncut algorithm has become a classic spectral clustering method in several fields, such as image segmentation and pattern recognition. This method can ensure the maximum similarity within the sample, but also the largest differences between the samples [17] . As the eigenvectors
information about the crack edge, we can directly use them to detect crack edges.
Step 4 detect crack edges. 4-1) Compute the gradient of these eigenvectors in step 3 by the gradient operator.
4-2) Compute non-maximal suppression under specified direction. Owing to suppress the weak edge points and locate the composite edge points, nonmaximal suppression demands to be computed according to the previous gradient values under eight directions. This is done in the following way. At a generic pixel p, let *  = argmaxOE θ denote the dominant orientation and OE * the corresponding energy. Now look at the two neighboring values of OE * on either side of p along the line through p perpendicular to the dominant orientation. The value OE * is kept at the location of p only if it is greater than or equal to each of the neighboring values. Otherwise it is replaced with a value of zero.
V. EXPERIMENT AND ANALYSIS
To testify the performance of the proposed method, some experiments are conduced in the paper. In addition, the proposed method is also tested with the different types of cracks and is compared with the manual method.
In the paper, the experimental data are generated by line scan camera in vehicle, which resolution is 1024  1280 pixels. The longitudinal range of camera view is 1.4 m, and its lateral range is 1.9 m. The sampling space of vehicle movement direction is 1 mm. To verify the effectiveness of the proposed method, we utilize the gray image involved with longitudinal, transverse, block and net cracks of to make the experiment of crack detection. The experiment image is cut from the original image, whose size is 256  256. In general, there is noise in the images. As a result, before test, the preprocessing has been done in the images, such as median filtering, normalization and so on. The longitudinal, transverse and block cracks respectively exist in Fig. 3.a, 3.b, 3.c and 3.d. Fig. 3.a1,  3 .b1, 3.c1and 3.d1 show the final segmentation result of the proposed algorithm for three different types of cracks. In Fig.3.a2, 3 .b2, 3.c2 and 3.d2, the segmentation results of our algorithm overlay with the original image. As is seen from these figures, it testifies that our proposed method can improve the edge detection results, shown in Fig.3.a2, 3 .b2, 3.c2 and 3.d2. The method can get closed boundaries and reduce tiny broken edges, at the same time, enhance the integrity of the edge. In addition, in Fig.  3.a3, 3 .b3 3.c3 and 3.d3, the cracks is detected and actually measured by skilled workers. Comparing the results of the proposed method with manual segmentation results, it is observed that the crack detection results of our proposed method are very close to the manual results, meanwhile, the proposed method could be performed automatically, which could improve the detecting efficiency greatly.
VI. CONCLUSION
As the traditional edge detection methods are unable to acquire satisfactory results for pavement crack analysis, hence this paper has proposed a new crack edge detection method of combining phase information and the spatial relationship between the adjacent image areas. The method views the oriented energy as similarity between pairwise pixels and uses adjacent relationship of image areas as constraints. By using spectral clustering method to obtain the global optimal solution, the crack edge extraction could be completed. In this paper, all types of pavement images are used as experimental objects, such as transverse, longitudinal and block cracks. The proposed method has better visual effect compared with the traditional edge algorithm. Experiment results show that the proposed method can overcome the macro texture and noise of the pavement and at the same time detect any type of crack edge cracks with higher reliably and stably.
